I. INTRODUCTION
T HE ELECTRICAL behavior of power semiconductor devices is greatly dependent on package design. A good package of switching power devices should provide not only solid electrical isolation from semiconductor chip to supporting baseplate but also good thermal performance to limit the junction temperature rise. The solid electrical isolation is achieved by having the isolator integrated into the package. Thermal performance is related with specific structure and the material used in the package design. Thermal performance is one of the most crucial issues of package technology for power semiconductor devices. According to some research [1] , nearly 60% of failures are temperature-induced, and for every 10
• C temperature rise in the operating environment, the failure rate nearly doubles. The thermal performance of packaging technology is simply evaluated by the maximum temperature rise in the semiconductor chip under certain power dissipation levels with designed heat sink. The lower the chip temperature, the better performance the package shows.
The traditional design of power electronics packages involves thermal cycling tests, but few, if any, studies of transient power cycling exist. For example, an extension of the traditional RC network for the junction-to-case system to a case-to-ambient (via a heat sink) system has been shown to adequately describe steady-state and long-pulse operation in insulated gate bipolar transistor (IGBT) modules [2] . However, this macroscopic lumped-element model limits the usefulness under short electrical transient pulses, typical in modern converter operations. To find an exact thermal solution under transient power dissipation is difficult. Most research uses finite-element methods (FEMs) to achieve the exact solution [3] - [6] . The FEM can provide high precision at the cost of slow computing speed. One of the major disadvantages of using an FEM package for thermal simulation is that it is not easy to create a cosimulation with an electrical circuit simulator, which could predict the transient power dissipation from power electronic devices instantaneously.
Another method to solve transient temperature problems is to set up a thermal network based on the thermal resistance of different package materials [7] , [8] . In this way, the junction temperature can be estimated instantly with the help of circuit simulators, such as PSpice. The methodology used in [9] provides a typical way in which temperature profiles are determined. A minor drawback of this method was the use of temperature-independent thermal conductivity and heat transfer coefficient values (so as to linearize the heat-flow diffusion equation). This would slightly impact the accuracy of the proposed method in [9] due to local heating from adjacent die as well as material property changes due to self-heating. In addition, the method is cumbersome due to the need to measure energy losses during switching and conduction, perform a polynomial fit to the energy loss versus current measurements, and then use the fitted polynomials to generate the heat-source terms used in the heat-flow equation. Nowhere in this methodology are temperature changes used to modify the electrical switching behavior of the device. This results in a decoupling of electrical and thermal behavior and limits the usefulness for selfconsistent physics-based circuit simulation models of power semiconductor devices and modules. Other drawbacks of 1-D equivalent RC thermal networks are the discrepancy in highfrequency or high-dissipation conditions [10] , [11] . Extensive 2-D and 3-D ladders of RC cells can be used for thermal representation of power modules. The number of cells is typically limited by convergence problems in the simulation. Inherent limitations from the complexity and suspect relation to physical quantities may be overcome using the diffusive representation (state-space model) described in [12] . Related to thermal and electrical model complexity are the amount of relevant physics captured and accurately described by various model levels and compact models. A comprehensive discussion of this topic is provided in [13] - [18] .
An IGBT model based on semiconductor physics has provided our approach for finding the analytical solution of transient thermal response. The approach of this new IGBT model is to solve the ambipolar diffusion equation (ADE), describing the dynamic charge, with the Fourier-series-based solution method [19] , [20] . This method also results in a similar solution as proposed in [21] . The number of nodes required in our method is typically lower than the number of effective time constants (equivalent to nodes) proposed in [21] , though the resulting electrical equivalent circuit is the same in both thermal models, an equivalent RC-ladder network with associated current sources. Another disadvantage described in [21] is the need to use FEM simulations of heating curves (thermal impedances) to create the necessary model matrix used in the circuit simulations. Our method does not require any simulated or experimental data, but only knowledge of the package system materials and physical dimensions.
Since carrier diffusion in semiconductor material and heat conduction behavior obey very similar differential equations, in this paper, the Fourier series expansion is used to solve the heat diffusion equation in different packaging materials [22] . Because of the similarity of the ADE and the heat conduction equation, an electrical and thermal model can easily be integrated into one comprehensive electrothermal model that includes the device or module package, heat sink, and ambient environment. To prove the viability of the method, the simulated results and experimental temperature measurement of a 600-V 50-A IGBT module are compared.
II. FOURIER-SERIES-BASED ELECTRICAL MODEL
The similarity of governing physical equations for both electrical and thermal behavior has provided a new approach to thermal analysis. In order to introduce the new thermal model, the electrical model will be discussed briefly at first. The Fourierseries-based electrical model for power devices is one analytical model, in which the ADE is solved by Fourier series expansion. An equivalent RC network is established based on the Fourier solution of this ambipolar equation that is easily implemented in circuit-simulation software. Compared with other analytical models, the Fourier-series-based model provides a better tradeoff between simulation speed and accuracy [23] .
In this paper, Fourier-series-based electrical model for a nonpunch-through IGBT is used as an example. The carrier distribution in 1-D view is illustrated in Fig. 1 . The carrier distribution is determined by an ambipolar equation. In high-level injection, assuming a quasi-neutral condition in carrier storage region, the ADE is described as where D is the ambipolar diffusion coefficient, τ is the highlevel carrier lifetime within the drift region, and p(x, t) is the excess injected carrier concentration. The Fourier series solution of the excess carrier distribution can be written as
Substituting the carrier concentration in Fourier series form into the ADE, the amplitude of Fourier series p k (t) can be determined by a group of the first-order differential equations. Details of the solution are derived in [24] . After finding the excess carrier concentration, the voltage drop over carrier storage region is also known. The electric field and voltage drop in drift region is determined by
The voltage drops across the junction and depletion region are also related to the injected carrier concentration at two boundaries of the carrier storage region. The total voltage is then determined.
III. FOURIER-SERIES-BASED THERMAL MODEL

A. Heat Conduction in Packages
In order to find the solution of transient heat conduction problems, it is necessary to review the geometry of typical package of power semiconductor devices. Direct bond copper (DBC) technology is frequently used in modern power electronic packaging. The copper is directly bonded to a ceramic substrate, such as AlN [25] . Fig. 2 illustrates a structure view of a typical DBC package. The geometry is based on a commercially available IGBT module.
Due to the symmetrical structure, it is possible to consider half of a chip with an appropriate boundary condition along the axis of symmetry. The simulated domain is given in Fig. 3 .
The heat generated in a silicon chip is dissipated through the package structure to a baseplate and heat sink (usually copper). The general form of heat diffusion equation can be written as [26] 
where K is the thermal conductivity, ρ and c are the mass density and specific heat of different material respectively, and G is the heat generation function, which is usually known for thermal analysis.
B. 1-D Fourier Series Thermal Model
The 1-D model of heat conduction behavior in DBC geometry is illustrated in Fig. 4 . For 1-D heat conduction, the equation can be simplified as
where α i is the thermal diffusivity of each layer. To solve (5) , certain boundary conditions are necessary. At each interface between different layers, perfect thermal contact is assumed, giving
Assuming the heat source to be located only on the top of the silicon chip, this can be expressed as
At the boundaries without heat flux input, the convection surface boundary condition can be written as
The 1-D form of heat conduction equation can be solved by assuming that the solution of the temperature distribution in Fourier series form is written as in (10a)-(10c). Alternative basis functions such as exponentials could be used for the series solution instead of cosines. However, the use of trigonometric functions is equivalent to exponentials and results in a similar equivalent circuit representation, described in (10) and (11) . Further, the use of cosine functions provides a solution methodology that is identical to that used for the charge carrier dynamics and allows software simplification for our full electrothermal device models
where x m represents the total depth of the simulated domain and x 1 is the starting position of silicon chip. For a general simulation, the boundary conditions are arbitrary and are coupled to the electrical device/module behavior as well as the external circuit in which the device/module is inserted. One difference in treating the heat flow as compared to charge-carrier distribution is that the spatial boundaries of the heat-flow domain remain fixed (moving depletion region edges affect the carrier distribution in device operation). Therefore, only time variations of the boundary conditions need be considered for the thermal model. Boundary thermal gradients (7)- (9) may be obtained from the knowledge of the input heat source, assumed here to be distributed uniformly across the silicon die surface area. This time-varying heat source is determined from the instantaneous electrical power dissipation during the dynamic operation of the module. Full electrothermal simulation includes feedback from the electrical power dissipation to the thermal behavior to calculate the instantaneous junction temperature that is then used to update the material and device physical parameters for the next time step in the circuit simulation. The temperature distribution of whole DBC structure is in the form of Fourier series. The amplitude of harmonics of Fourier series T k (t) is determined by (10) . To find the solution of (5) with certain boundary and internal conditions (6)- (9), (5) can be rewritten in matrix form as
whereT is a vector of Fourier series harmonics amplitude
, which is varied dynamically. A is a transfer matrix and B is an input matrix that is related to the known heat generation function and boundary conditions. The detailed derivation of Fourier series solution can be found in [22] . The amplitude of each harmonic is obtained based on the solution of (11) . After the inverse Fourier series transformation, the transient temperature distribution in the package is determined simultaneously.
C. 2-D Fourier Series Thermal Model
Although 2-D heat conduction is much more complicated than 1-D heat flow, more accurate prediction of the junction temperature requires 2-D thermal characterization, especially in the design of integrated power electronics module (IPEM), which contains multichips packaged into one heat sink to reduce the volume.
The simulated geometry of 2-D heat conduction in DBC package is illustrated in Fig. 5 . The insulated boundary keeps heat dissipation only in the DBC packages. For 2-D heat conduction problems, heat conduction equation is written as
where
The 2-D Fourier series form of solution of (12) can be written in the form shown in (13) . The amplitude of each harmonics is defined by (14) . Using the method in 1-D solutions, (12) can be transformed into a form similar to (11) . Although the input matrix and transfer matrix will be much more complicated, the amplitudes of harmonics are solved based on (14) .
The increasing complexity of transfer matrix and input matrix requires powerful mathematical tools for fast calculation. MATLAB/Simulink is adopted as the simulation tool, which is a dynamic simulation tool with graphical interface to various MATLAB's numerical methods to solve ordinary differential equation (ODE) [27] . The Fourier-series-based thermal model can be easily programmed in Simulink environment. The drawback of Simulink is its lack of circuit-based simulation. So it is suitable only for simple circuit simulations with a limited node number [28] .
Boundary conditions are important under parameter extraction procedures, whether a global approach is used [21] or based on terminal behavior [12] . The method described in this paper tends to be more similar to that used in [21] . Knowledge of the package system materials and physical dimensions is required, but not experimental or higher order modeling (e.g., FEM analysis). However, it has been shown that material nonlinearities produce important second-order effects, particularly for temperature excursions above 80
• C [29] , which noted that an exponential temperature dependence of the thermal conductivity (could often be approximated as linear) and an approximation of temperature independence of the heat capacity provided excellent results. It should also be noted that interface states at material layer boundaries can introduce discrepancies between measured results and simulations.
IV. COMPARISON OF THERMAL MODELS
In this section, to prove the availability of the new thermal model, the simulation results of thermal model based on finitedifference method (FDM), Fourier series thermal model, and traditional equivalent RC thermal ladder are compared.
A. Thermal Model Based on Finite-Difference Solutions
The FDM is frequently used in thermal calculations for steady-state and transient conditions. FDM can provide high precision at the cost of slow computing speed. Normally, the FDM thermal model is widely used as a result verification tool because of its high accuracy. In transient thermal analysis, FDM is not a good choice because of slow speed and high memory storage. The basic idea of FDM thermal model relies on transforming the partial differential equations into a group of approximate and soluble algebraic equations. For 1-D thermal model, as shown in Fig. 6 , at first, the whole geometry is divided into a mesh of discrete nodes. The accuracy of the calculation depends strongly on the number of nodes. The larger the number of nodes, the more accurate the solution will be, but at the cost of a slower calculation speed.
There are explicit and implicit forms of finite-difference equations. Relative to the explicit method, the implicit formulation has the advantage of being unconditionally stable [26] . So, in this model, the implicit method has been used. For the simple 1-D model illustrated in (5), the implicit finite-difference form of the differential equation can be written as
where p is introduced to represent a discrete time step, t = p × ∆t. The time derivative is expressed in terms of the new (p + 1) and previous p times. Hence, the solution must be performed at every time interval ∆t. After a nodal network has been established, the finitedifference form of equations can be written for each node. The next step is to find the solution of these equations. There are direct and iterative methods to solve the equations. The direct method is used for a small number of nodes. Considering the simple shape of the coefficient matrix, the temperature at the center node is only related to the temperature of neighboring nodes; so, the tridiagonal matrix algorithm (TDMA) method is used for higher calculation speed [30] .
FDM thermal model can be easily developed into a 2-D form for more accurate temperature distributions. The finitedifference model can also easily include the temperature dependence of material constants, such as thermal conductivity. A previous work [7] has provided a partial coupled FEM method to speed up the simulation. One of the major drawbacks of using an FDM model for thermal simulation is that it is not easy to create a cosimulation with an electrical circuit simulator, which could calculate the transient power dissipation from power electronic devices instantaneously. In order to run concurrently with circuit simulator tools properly and efficiently, some improvement should be added. 
B. Equivalent RC Thermal Ladder
Another method for transient thermal analysis is to build an equivalent RC thermal network based on the experimental curve of thermal impedance provided by the manufacturer. A typical schematic of this equivalent RC thermal network is shown in Fig. 7 . The resistances are lumped representation of the thermal resistance, while the capacitances are lumped representation of heat capacitance. The value of the thermal resistance and capacitance can be obtained through curve-fitting method based on the transient impedance curve. The experimental thermal impedance curve can usually be found in the datasheet.
C. Simulated Results Comparison
To validate the Fourier series thermal model, it is first compared with the finite-difference thermal model for a step thermal response. A constant heat input at the silicon surface approaches 100 W/cm 2 . The duration of the power dissipation is 1 ms. Because of the short duration of the power input, it is reasonable to neglect the thermal dependence of most material constants.
The result of 1-D heat conduction simulation is shown in Fig. 8 at two different times: 0.5 and 1 ms. The maximum difference between the two models is within 5%, which is acceptable in practical simulations. The speed of calculation is dependent on the number of Fourier series harmonics. In this paper, the number of Fourier series harmonics is chosen to be 20 for whole DBC geometry. The total computation time of the Fourier-series-based thermal model under constant heat input for 1 ms is less than 10 s. However, the 1-D finite-difference model for the same system, when the time step is chosen to be 1 µs and the total number of nodes as 300, results in a total computation time of about 2 min. The weakness of this Fourier series thermal model is that it is not convenient for representing the imperfect thermal contact between different layers, which differs from the actual temperature distribution. The assumption of perfect thermal contact between material layers will lead to some inaccuracy, though the use of constantly updated heat source (from feedback with the electrical/circuit behavior) ensures that the time variations are accurate.
To characterize 2-D heat conduction, the thermal step response of DBC structure under constant heat dissipation is presented. The heat dissipation is up to 100 W/cm 2 . The duration of power dissipation is 1 ms. The results of 2-D finite-difference thermal model and Fourier series thermal model have been compared in Fig. 9 . Because of the short heating duration, only the top three layers with distinctive temperature changes are plotted. For 2-D finite-difference model, there is a tradeoff between the size of elements and the required accuracy of thermal calculation. The mesh size in this case is chosen to be 10 µm in the thickness (vertical) direction and 1 mm in the width (lateral) direction. When the time step is chosen to be 1 µs, the simulation time could be up to 10 min. The maximum temperature rise is 1.5 K. For 2-D Fourier series thermal model, the number of harmonics is also chosen based on the tradeoff between simulation speed and accuracy. In this paper, the number of harmonics in the x-axis is 50 and number harmonics in the y-axis is 10. The maximum temperature rise in 2-D Fourier series thermal model is 1.7 K, which is close to that of the FDM thermal model under the same heat dissipation. The total simulation time of Fourier series thermal model is less than 60 s with the same computer that is only one-tenth of that consumed by finite-difference thermal model. The simulation results of a step thermal response using an equivalent RC thermal ladder model from the manufacturer's datasheet has been compared with the Fourier model. If the heating duration is less than 0.1 s, the calculated temperature in the equivalent RC thermal model is at least 30% less than that of the Fourier-series-based thermal model. The steady-state results are similar, however, and show the expected convergence of the results over time.
These comparison examples from Figs. 8 and 9 and the datasheet RC-impedance model highlight the accuracy of the Fourier method while being inherently simpler in form than a full FEM or finite-difference description. A complete description of a typical power module would require a full 3-D model, which is beyond the scope of this paper. The number of harmonic terms needed would increase in the z-direction from 10 to 50. The accompanying increase in simulation time will start to negate the benefits of the Fourier method in favor of optimized finite-element models.
V. ELECTROTHERMAL MODELING
For a complete simulation model, the thermal issue cannot be neglected since most of the primary parameters of semiconductor material are strongly temperature-dependent. Generally, the modification of semiconductor material parameters should be included based on thermal feedback. A schematic description of the complete electrothermal simulation model is illustrated in Fig. 10 . The electrical and thermal model is connected through estimation on self-heat dissipation, which is achieved by electrical behavior simulation.
The electrical model employed in this paper is the Fourierseries-based electrical model, which has been reported in [19] - [24] . The thermal model can be varied from FEM or FDM thermal model, Fourier-series-based thermal model, and traditional equivalent RC thermal network. Since the complexity of the FEM or FDM thermal model limited its use in dynamic thermal analysis, Fourier series thermal model and equivalent RC thermal network are implemented and compared in this paper.
A. Temperature-Dependent Parameters
The results of power device simulation greatly depend on the physical parameters of semiconductor materials, e.g., intrinsic concentration, carrier mobility, minority carrier lifetime, etc. Most of these parameters are strongly dependent on junction temperature of semiconductors.
In the complete electrothermal simulation model, the temperature-dependent parameters are modified through empirical formulations, which are usually obtained by curve-fitting on the experimental measurement. Fig. 11 shows the intrinsic carrier concentration and carrier mobility changing with temperature. The dots are experimental data from [31] and [32] . In the proposed electrothermal models, every temperaturedependent parameter has been considered. The details about modeling temperature-sensitive parameters of semiconductor material have been reported in [33] .
B. Electrothermal Model in Simulink
The electrothermal model has been implemented in MAT-LAB/Simulink environment. The electrothermal simulation block diagram of IGBT and power diode for inductive load switching in Simulink is shown in Fig. 12 . The circuit schematic of inductive load switching is shown in Fig. 13 . The thermal model is to determine the junction temperature based on transient heat dissipation calculated from the electrical model. The electrical model contains an extra input, which, for the junction temperature, is calculated by thermal models.
The temperature-sensitive parameters are a function of the predicted junction temperature. The simulation model of IGBT with temperature-dependent parameter set has been shown in Fig. 14 . The temperature-dependent parameters have been calculated in the function block and then transferred into other simulation function blocks. Due to the convergence problem, the small time step is usually required when simulating the electrical behavior. The electrical response is usually much faster than the thermal response, especially in the case of high switching frequency. It is reasonable to assume that the junction temperature is uniform within several time steps. So, in the electrothermal models, in order to accelerate the simulation speed, the modification of temperature-sensitive parameters is implemented in multi-time steps within which junction temperature change is distinctive.
Simulink is one of many tools by which circuit simulation models can be developed, though it is limited in its ability to move between model levels (levels of abstraction), and so, other tools may be more useful for prototyping. A software tool called ModLyng allows the designer to create models from the perspective of what the model does rather than what the model language needs to be [17] . The key concept behind the approach is to consider the model structure and key elements, and then for the software to automatically export the format that is appropriate for the design in question. This allows numerous analyses to be performed. For example, if the simulation environment is Saber, then the model is exported in a MAST format; however, if the model is required in Verilog-AMS or VHDL-AMS, then crucially the same model can be exported without alteration into the alternative formats. Another interesting slant to this approach is to extend from the normal modeling approach of creating a library of individual elements and then creating schematics in a specific format, to an approach of hierarchical modeling, a bitlike macromodeling, from which single models can be exported. This can greatly streamline the design process of complex systems in multiple platforms.
Certify is a companion parameter extraction tool with a userfriendly graphical user interface [18] . Unlike many commercial model characterization tools, Certify is focused on making the parameter extraction definition and execution easier, and is able to be applied to any model: behavioral, physics-based device models, etc. It is an intuitive, flowchart-oriented tool that allows the user to capture model characterization recipes, save and reuse them (including simulator settings), import data, and perform parameter extraction and curve-fitting. Certify is currently integrated to work with the Saber and Spectre simulators; therefore, it supports MAST, VHDL-AMS, and Verilog-A models, respectively.
VI. EXPERIMENTAL MEASUREMENT
In order to validate transient thermal analysis on the proposed electrothermal module, a clamped inductive load circuit has been established for electrical and thermal measurement. The simplicity of inductive load circuit makes it easier to be simulated in Simulink environment. The circuit schematic is shown in Fig. 13 . In this circuit, the inductive load L 1 , charged by a voltage source, can be treated as a current source in the circuit analysis. The current commutation occurs between the freewheeling diode and the IGBT. R s and C s are the snubber resistance and capacitance, respectively. R g and L g represent the resistance and inductance in the gate control circuit. L s is the stray switching loop inductance in test circuit. The model of IGBT is FS50R06YL4 from ABB, rated at 600 V 50 A. The diode model is CS241210 from Powerex, rated at 1200 V 100 A. The parameters of main circuit component have been listed in Table I .
To measure the temperature of the IGBT module, several thermocouples need to be attached to the surface of the silicon chip, the module base, and the heat sink. Since transient thermal measurements require a fast time response, the adopted thermocouples are type K unsheathed fine gauge microtemp thermocouples from OMEGA. The model is CHAL-0005 with 0.013 mm diameter wire and 200 mm lead. When heated from 0
• C to 100 • C, these thermocouples can provide response time on the order of several milliseconds [34] . The layout of thermocouples placed on the top of IGBT and power diode is demonstrated in Fig. 15 .
The proposed thermal measurement system includes thermocouples, shielded I/O connector, and a remote workstation containing NI 7831R devices from National Instruments. The diagram of measurement system is presented in Fig. 16 . The NI 7831R is a reconfigurable I/O (RIO) device. The NI 7831R has eight independent, 16-bit analog input (AI) channels, eight independent, 16-bit analog output (AO) channels, and 96 digital I/O (DIO) lines. This device is integrated with a user-reconfigurable field-programmable gate array (FPGA) that controls the digital and analog I/O lines [35] .
The measured output voltages of thermocouples are usually nonlinear. The Seebeck coefficients can vary by a factor of 3 or more over the range of thermocouples operating temperature. Here, in order to obtain the real temperature from measured voltage difference of K-type thermocouples, polynomial approximation on temperature versus voltage curve of K-type thermocouples has been programmed [36] 
where V is the measured output voltage from thermocouples and a 0 , a 1 , . . . , a n are the coefficients that are specific to K-type thermocouple. 
VII. RESULTS AND DISCUSSION
The results of electrothermal simulation are compared with experimental measurements. During the switching measurement, the IGBT drain-source voltage and drain current are recorded for comparison with simulated results. Fig. 17 shows the voltage and current waveforms of the IGBT module during one switching cycle at room temperature. The dc voltage bus is set to be 300 V. The switching frequency is 10 kHz with a duty ratio of 0.1. The switching waveform of IGBT matches well with the simulated result, which validates the electrical simulation model.
To check the accuracy of transient thermal analysis based on the proposed thermal model, the junction temperature calculated by electrothermal simulation has been compared with actual measured value. In order to achieve measurable temperature rise, the IGBT is switched for a certain number of cycles with low duty ratio.
Also, in order to evaluate the new thermal model, Fourier series thermal model and equivalent RC thermal network are employed in the electrothermal simulations. The fourth order of equivalent RC thermal network has also been adopted as thermal models.
Figs. 18-20 show the measured junction temperature rise and simulated temperature rise using two different thermal models: the proposed Fourier series model and the equivalent RC thermal network. Fig. 18 shows the comparison of measured junction temperature evolution under different number of switching cycles. The dc bus voltage is set to be 300 V and the switching frequency is 10 kHz. The simulation result and the measured result under different switching frequencies are shown in Fig. 19 . The voltage of dc bus is set to be 200 V. The number of switching cycles is chosen to be 250. Fig. 20 shows the measured junction temperature rise while switching from 300 V and 200 V dc bus value. The switching frequency is 10 kHz. The total number of switching cycles is 500.
From these comparisons of simulated and measured junction temperature, it is seen that the error is within a range of a few degrees or less. The better performance of Fourier series thermal model over equivalent RC thermal model has been illustrated with a closer match to the measured junction temperature. The switching times displayed in Figs. 18-20 cover 10-50 ms of the transient thermal response of the silicon. The Fourier method presented provides a closer match to the measured junction temperature in each case than does a simple fourth-order RC-transient impedance representation. Both models and the measurements should originate from the same initial temperature and then diverge as several switching events occur. All models converge again after several seconds of operation, as has been confirmed previously [28] .
Although the simulation time is shorter for equivalent RC thermal model compared with Fourier series thermal model, the equivalent RC thermal network usually underestimates the junction temperature, especially for high voltage and with a high number of switching cycles. The reduced number of Fourier series coefficient can speed up the total simulation speed at the cost of less accurate calculation. Due to the multilayer structure of DBC package, the total number of Fourier series coefficients is suggested to be at least 40 (about 5 to 7 per layer) to obtain the affordable precision of thermal simulation. This is fewer than, but on the order of, the number of terms described in [21] . The total simulation time for 500 cycles at 10 kHz switching frequency is around 8 min using a computer with Pentium 2.8 GHz processor and 1 GB RAM.
VIII. CONCLUSION
In this paper, a new thermal model based on Fourier series transformation has been introduced. The fast speed and high accuracy of Fourier series thermal model has been validated by finite-difference thermal model for both 1-D and 2-D heat conduction in typical DBC package structures. Compared with traditional equivalent RC thermal ladder, a more accurate result has been proved using the new thermal model. A complete electrothermal simulation model of IGBT and power diode under inductive load switching test has been implemented in MATLAB/Simulink. The dynamic electrothermal simulation of IGBT and power diode has been completed under various switching conditions. The experimental setup and thermal measurement system have been introduced in detail. Experimental measurement has proven that the thermal model based on Fourier series transformation provides better prediction of junction temperature than the traditional equivalent RC thermal network, which tends to underestimate the junction temperature.
This integrated electrothermal power device model is not appropriate for reliability analysis. More extensive mechanical material parameters (i.e., coefficient of thermal expansion for stress and strain) would be necessary for a complete physical description of the package system. Predictions based on thermal cycling of the silicon would also not be typically relevant because of the computational time required (our model is not compact enough). However, the strength of this demonstrated model is the seamless integration of the electrical and associated thermal behavior of the device and package, and the ability of the model to appropriately adjust its device and material parameters based on circuit operation in a physically valid and meaningful way. Ultimately, the circuit designer can have confidence that simulation results will indicate a potentially dangerous operating mode if the junction temperature exceeds some prescribed limit. From 1993 to 1998, he was a Senior Design Engineer at TESLAco, where he was responsible for the development of various switching power supplies for commercial applications. Since 1998, he has been with the University of South Carolina, Columbia, where he is currently an Associate Professor in the Electrical Engineering Department. He has authored or coauthored more than 100 papers on power electronics and modeling and simulation published in international journals and conference proceedings, and holds two patents. His current research interests include switched-mode power converters, advanced modeling and simulation of power systems, modeling and simulation of semiconductor power devices, and control of power electronics systems. 
